cies, fused teeth (Figure 1) , which allow them to feed on tough or calcified seaweeds. Urchins and gastropods can also be important in habitats where they reach high densities (Carpenter 1986, Hawkins and Hartnoll 1983) .
Fish, urchins, and gastropods can each strongly affect present-day seaweed communities (Carpenter 1986 , Hawkins and Hartnoll 1983 , Hay 1985 , Lewis 1986, Lubchenco and Gaines 1981) , and the fossil record suggests they have played a major role throughout evolutionary time (Steneck 1983) . In this article, we discuss how seaweeds escape, deter, or tolerate herbivory. The depth in which we cover each of these topics reflects the availability of rigorous experimental studies; we know little of the relative importance of these different traits.
Escaping from herbivores
Spatial refuges. Seaweeds can avoid herbivores by growing in habitats, in microhabitats, or at times of year in which herbivores are not active. For example, on tropical coral reefs where herbivores are abundant, many seaweeds that are physiologically capable of growing on topographically complex reef slopes occur only where herbivore densities are low-on topographically simple sand plains and reef flats (Hay 1981a , 1984b , 1985 , Lewis 1986 ). Similarly, Caribbean patch reefs are often surrounded by halos of bare sand that are kept free of seagrasses by grazing fish and urchins (Ogden et al. 1973 , Randall 1965 ). Because many reef-associated grazers are reluctant to venture more than approximately 10 m from the shelter of the reef, seagrasses thrive beyond this radius.
On a smaller spatial scale, seaweeds may live in cracks and holes inaccessible to herbivores. On intertidal rock surfaces along Pacific Panama, where herbivory is particularly intense, herbivore-resistant algal crusts dominate exposed surfaces, whereas less-resistant leafy algae occur primarily or exclusively in holes or cracks (Menge et al. 1985) . Spatial escapes have been discussed in detail by Lubchenco and Gaines (1981) and Hay (1985) .
In some cases, herbivores create (Dayton 1985) .
Associational refuges can thus be effective in a variety of marine habitats and against different kinds of herbivores. Interestingly, although the patterns and processes of associational resistance in marine and terrestrial systems are similar, the mechanisms producing them can be strikingly different. In the beststudied marine example (Pfister and Hay 1988) , the palatable seaweed Gracilaria was grazed more by sea urchins when it occurred as a monoculture than when it occurred in a polyculture with the unpalatable alga Sargassum refuges have been reported to occur because herbivorous insects become more numerous in monocultures. These increased densities are due to insects finding the monocultures more easily, rarely leaving them, and reproducing while there (Bach 1980). In the marine study, urchins did not find monocultures more easily, and they emigrated from them more rapidly than from polycultures.
Temporal refuges. Often, herbivore activity is predictable in time as well as in space. For example, in temperate marine systems, herbivores are often active primarily during the summer. Several genera of algae have life histories that appear to capitalize on these seasonal changes in grazing pressure (Lubchenco and Cubit 1980) . Complex life histories, including alternation of morphologically distinct generations that differ in growth potential and resistance to herbivores, are common among intertidal algae (e.g., Ulothrix, Urospora, Petalonia, Scytosiphon, Bangia, and Porphyra). Upright forms of these species are good competitors against other algae but are suspectible to herbivores. Therefore, they occur primarily during times of the year when herbivore activity is low. The less competitive, but more herbivore-resistant, crustose forms dominate when herbivores are active. Though upright forms normally occur in the field only during winter, these forms persist during the summer if grazers are experimentally excluded (Lubchenco and Cubit 1980) . Seaweeds may also minimize herbivore damage by producing their new, most palatable, growth during periods of relatively low herbivory. An extreme example is the tropical alga Halimeda; it synchronously produces its youngest and most nutritious portions at night while herbivorous reef fishes are not feeding (Hay et al.
1988b, Paul and Van Alstyne 1988a).
Size-related refuges. Seaweeds can also avoid being eaten if they become too large for herbivores to handle effectively. Such size-related immunity presumably results from a larger plant being tougher, or more easily recognized, if it is unpalatable. Because all algae must pass through a small sporeling stage that is vulnerable to grazers, size-related susceptibility differences may be common. Even species that herbivores avoid as adults may have sporelings that are eaten by unselective grazers because they are too small to be distinguished from other plants, they are nutritionally superior to older plants of the same species, or they are easier for herbivores to manipulate.
The challenge then is for the plant to survive until it reaches a size at which it is less vulnerable to herbivores. Any of the refuge mechanisms mentioned above may be employed. 
Decreasing attractiveness to herbivores
For long-lived seaweeds, and those growing in areas such as tropical reefs where herbivores are abundant and active year-round, it may be difficult for seaweeds to escape their enemies through spatial or temporal refuges. In these situations, selection should favor seaweeds that are unattractive to herbivores.
Chemical defenses. Seaweeds produce a large number of secondary metabolites, including terpenes, aromatic compounds, acetogenins, amino acid-derived substances, and phlorotannin polyphenolics (Faulkner 1984 (Faulkner , 1986 . Although many of these compounds are known to function as defenses against herbivores (reviewed by Hay and Fenical 1988) , they might also serve to deter pathogens and fouling organisms (Wahl 1989 As examples, the amphipod Ampithoe longimana and the polychaete Platynereis dumerilii both build and live in mucilaginous tubes attached to the algae on which they feed. Feeding and living on seaweeds that are preferred by fish might expose these mesograzers to indirect predation as the fish eat the algae. In North Carolina, both these mesograzers selectively feed on the brown alga Dictyota dichotoma, which produces diterpene alcohols that strongly deter fish and urchin feeding. These compounds either significantly stimulate or do not affect feeding by the mesograzers (Hay et al. 1987a (Hay et al. , 1988c . A similar pattern has been documented for other fish, mesograzers, and chemically defended seaweeds on a tropical reef (Hay et al. 1988a) .
In each of these cases, mesograzers selectively feed on chemically defended seaweeds that are repellent to fish. However, the mesograzers are not restrictively specialized to these chemically rich seaweeds; they are found on and feed from a wide range of unrelated algae. It appears that these mesograzers selectively graze toxic host plants because these plants provide microsites of reduced predation by herbivorous, omnivorous, or predatory fish (Hay et al. 1987a (Hay et al. , 1988b .
Although feeding specialization is typical among terrestrial insects, it is rare among marine herbivores (Hay in press b). The few marine herbivores that do specialize are small, relatively sedentary, and live on plants that provide them protection against predators (Hay in press b,
Hay et al. 1989, in press, Paul and Van Alstyne 1988b).
For example, the amphipod Pseudamphithoides incurvaria lives in a mobile bivalved domicile it builds from the chemically defended seaweed Dictyota bartayresii (Hay et al. in press). When in domiciles, the amphipods are rejected by predatory fish; when removed from domiciles, they are rapidly eaten. The alga they use for domiciles produces the diterpene alcohol pachydictyol-A. This compound deters feeding by fishes but stimulates domicile building by the amphipods. Amphipods will not normally build domiciles from the green seaweed Ulva; however, they will do so when Ulva is treated with pachydictyol-A (Figure 2) .
The Great Barrier Reef crab Caphyra rotundifrons is found only in patches of the chemically defended green alga Chlorodesmis fastigiata, which appears to be its only food (Hay et al. 1989 ). Chlorodesmis produces a cytotoxic terpene that deters fish feeding but significantly stimulates feeding by the crab (Figure 3 
Lubchenco and Gaines 1981).
There are intriguing geographic patterns in chemical defense. Most seaweed secondary metabolites have been isolated from tropical species (Faulkner 1984 (Faulkner , 1986 The clearest examples of morphologically defended algae occur in the red algal family Corallinaceae. These algae grow as thin, flat, heavily calcified crusts. Eighty to ninety percent of the dry mass of these crusts may be ash (primarily calcium carbonate), and they are often the most abundant plants in intensely grazed habitats such as reefs and urchin barrens (Ste-neck 1983, 1986).1 Because of their excellent preservation in the fossil record, Steneck (1983) was able to trace their morphological changes through geologic time; he described an adaptive radiation of corallines in response to the evolution of herbivores with increasingly powerful mouthparts and abilities to excavate calcareous substrates. Grazing scars on fossil corallines suggested that the fused teeth of parrotfish (Figure 1) represented a dramatic advance in the ability of herbivores to damage seaweeds and may have favored corallines over other seaweeds (Steneck 1983) .
Examples of morphological defenses exist among the noncalcareous fleshy algae as well. Like other sessile organisms, many seaweeds can adjust their morphology to prevailing physical and biological conditions, including grazing pressure. For instance, clonal seaweeds often form short, tightly packed and highly branched turfs in grazed areas; this turf growth form can significantly reduce losses to grazing (Hay 1981b ). Additionally, some reef seaweeds have two morphologically distinct forms that differ in growth rate and susceptibility to herbivory; transition between the forms is mediated by changes in grazing pressure (Lewis et al. 1987) . As an example, in high-herbivory habitats, the brown alga Padina occurs as a prostrate turf that is relatively resistant to grazing. Within 96 hours of excluding herbivorous fishes, the turf changes into a rapidly growing bladelike form, which is susceptible to herbivores but is a superior competitor against other benthic algae and sessile invertebrates (e.g., corals); it may even overgrow and kill corals (Lewis 1986 Most studies have focused on how one particular trait affects herbivory; few have assessed the potential importance of covariation of deterrent traits. The tropical green alga Halimeda, for example, minimizes losses to herbivores by using a combination of heavy calcification and chemical defenses, both of which vary in time as tissue value and susceptibility to herbivory change. This alga also produces its valuable new growth at night, when herbivorous fish are not feeding (Hay et al. 1988b ). Such complex defensive strategies could be common.
Tolerating herbivory
It is surprising that the dominant plants in areas of most intense herbivory represent the extremes of sus-ceptibility to herbivores: small, highly susceptible filamentous forms (Carpenter 1986), heavily calcified, very resistant, crustose corallines (Steneck 1983 (Steneck , 1986 One alternative to costly structural and chemical defenses is to channel all energy into rapid growth and reproduction in an effort to outpace herbivores. By producing tissue rapidly, and by having basal portions that escape herbivory due to the topographic complexity of the substrate, small filamentous algae can often persist despite losing much of their tissue to grazers (Carpenter 1986 , Lewis 1986 ). This strategy allows inconspicuous filamentous algae to make up most of the plant biomass on moderately grazed areas of some tropical reefs. These plants in fact produce more mass when grazed, because continuous cropping prevents self-shading, and herbivore excretion may increase available nutrients (Carpenter 1986).
Some intertidal seaweeds that are resistant to herbivores as adults ensure survival through the vulnerable juvenile stage by a massive recruitment that swamps the ability of molluscan herbivores to eat the young plants. Under these conditions, the plants may quickly reach a size at which they no longer suffer mortality at normal herbivore densities (Dayton 1975) . In extreme cases, algal growth may be heavy enough to alter the habitat in such a way that it becomes unsuitable for some herbivores (Underwood and Jernakoff 1981).
Losses to herbivores are sometimes minimized by ingested propagules or vegetative portions remaining viable and being dispersed by the herbivore, a situation reminiscent of seed dispersal by birds and mammals. For several opportunistic algae exposed to grazing by gastropods, gut passage significantly increases the production of motile spores and also the growth rate of sporelings relative to the uningested controls (Santelices and Some freshwater phytoplankton show even stronger positive reactions to grazing. When the green alga Sphaerocystis schroeteri is consumed by the zooplankter Daphnia magna, more than 90% of the cells are undamaged, and the nutrient enrichment that occurs during gut passage may increase growth rates by as much as 63%; this enrichment more than compensates for the slight damage the grazers do to the algal population (Porter 1976 ). In situ grazing experiments have indicated that this alga increased in number as the number of grazers increased. It appeared to rely on grazers as a rich localized source of nutrients.
Conclusions
Seaweeds employ a wealth of chemical, structural, and morphological defenses against herbivory and often manipflate these defenses according to spatial or temporal patterns of herbivore attack. Defenses may differ greatly in effectiveness against different herbivores, and multiple defenses are common in areas where herbivores are diverse and abundant. Several lines of evidence suggest that defenses are costly and are selected against where herbivory is predictably low. Some seaweeds benefit from moderate grazing because herbivores remove competitors, supply limiting nutrients, or disperse the seaweed's propagules.
